E R I C J . B E C K M A N
A s raw materials go, there is a lot to like about carbon dioxide -it is available everywhere, inexpensive, non-flammable and less toxic than most of the chemicals widely used in industrial processes. But it is relatively unreactive, making it difficult to activate so that it can be transformed into desirable compounds. Nevertheless, in nature, many plants have evolved molecular machinery that overcomes the inherent stability of CO 2 to use it to make biological building blocks (sugars) and materials (polysaccharides). Inspired by the carbon-carbon bondformation processes used by plants, Banerjee and colleagues 1 (page 215) have identified a synthetic route that not only uses CO 2 to make useful compounds, but also involves tractable processing conditions. Their route is simple, is potentially more sustainable and economical than the one it is designed to replace, and could be applicable to a variety of product types.
CO 2 has been used as a raw material by the chemical industry in the past 2, 3 , albeit rather sparingly, to make urea (a fertilizer and building block for the chemical industry) and cyclic carbonate (a solvent). The processes were commercialized not because they were more sustainable than other routes, but because the chemistry was available to make these valuable products economically. Scientists have been interested in expanding the role of CO 2 as a raw material for many years, but, for the most part, either the compounds generated from it were not sufficiently useful to merit industrial production, or the processes involved were too energy-intensive or inefficient to warrant further development.
The processes that have been successfully . a, The polymer PEF is being commercialized as a sustainable alternative to polyethylene terephthalate, a widely used plastic. In the conventional route to PEF, fructose derived from plants is converted by way of a four-step process 8 to furan-2,5-dicarboxylic acid (FDCA), which can be reacted with ethylene glycol to make PEF. b, Banerjee et al. 1 report that FDCA can also be made by reacting 2-furan carboxylate (FC) with carbon dioxide in the presence of caesium carbonate (Cs 2 CO 3 ). The reaction could form part of a synthetic route to PEF that is more sustainable than that detailed in a. In the new route, biomass waste is first converted to furfural, which is oxidized to make FC. adopted to make commercial products from CO 2 were typically preceded by breakthroughs in chemistry and/or catalysis. For example, groundbreaking work on catalyst design 4 allowed CO 2 to be polymerized with another compound, propylene oxide, to create poly carbonate polyols -important building blocks for polyurethanes, and saleable products in their own right. This work was scaled up and commercialized by Novomer, a chemistry-technology company in Ithaca, New York; the international chemical company Bayer has also pursued this role of CO 2 using their own catalysts 5 . Banerjee and colleagues now report new chemistry to make another valuable molecular building block from CO 2 .
The authors used caesium carbonate, a simple salt, to activate organic substrates that could then be reacted with CO 2 . Their key finding is that CO 2 can be reacted with 2-furan carboxylate (FC; Fig. 1 ) to form furan-2,5-dicarboxylic acid (FDCA). This is notable because FC is readily derived from biomass waste material, such as maize (corn) stover and sawdust. Furthermore, FDCA is one of the monomers used to generate polyethylene furandicarboxylate (PEF) -a plant-based polyester that is being commercialized 6 to compete with the widely used plastic polyethylene terephthalate (PET), which is derived from petrochemicals.
Banerjee et al. show that the caesium carbonate can be recycled, and that the product can be separated easily from the reaction mixture. Both of these features will aid in scaling up the reaction. Production of PEF results in fewer carbon emissions than production of PET (ref. 6), but the authors' route to FDCA should reduce the overall carbon footprint still further. Once scaled up, the new route might be less wasteful -needing fewer raw materials and less energy -than the conventional industrial synthesis of FDCA, which uses fructose as a starting material.
Synthetic processes involving CO 2 as a raw material can be considered more sustainable than existing processes only if the chemistry involved reduces environmental impacts over the entire life cycle of the process. Carbon footprint is only one of several metrics 7 used to gauge the environmental impact of a product; other considerations include the potential to increase acidification (acid rain) or to trigger photochemical oxidation (smog). Even though Banerjee and co-workers' process seems to be much less wasteful than the fructose route to FDCA, a comparison of the life-cycle impacts of the two routes will need to be performed to ensure that it is truly more sustainable.
The authors also show that benzene can be reacted with CO 2 and caesium carbonate to form benzoic acid in a single step (see Fig. 3c of the paper 1 ). This is intriguing because it has been known 8 since the 1950s that benzoic acid can be transformed into terephthalic acid, one
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Putting carbon dioxide to work
Carbon dioxide is an abundant resource, but difficult for industry to use effectively. A simple reaction might allow it to be used to make commercial products more sustainably than with current processes. See Letter p.215
A L F R E D O H U E T E
S pace offers a unique vantage point from which to investigate the sensitivity of Earth's ecosystems to climate variability. In this issue, Seddon et al. 1 (page 229) use 14 years of satellite observations from NASA's Moderate Resolution Imaging Spectroradiometer (MODIS) to obtain monthly data on the responses of vegetation to variability in water availability, cloudiness and air temperature. The researchers then applied a new empirical tool -the vegetation sensitivity index -to identify ecologically sensitive areas that exhibit either amplified or slowed responses to climate variability in comparison to other regions. They use their findings to begin to explore why some regions seem to be more vulnerable than others.
Current ecological theory states that, as ecosystems approach critical thresholds (also referred to as tipping points), they become unstable and respond more acutely to external perturbations 2 . Knowledge of these thresholds is key to the sustainable management of ecosystems and to anticipating irreversible changes and/or ecological collapse. But predicting where and when such transitions will occur remains a challenge.
Studies of ecosystem resilience generally monitor trends in productivity or biodiversity in relation to changes in mean climate states, rather than in response to climate variation. A widely used metric of ecological resilience relates changes in the productivity of vegetation to variations in annual rainfall: this is known as rainfall-use efficiency (RUE), and is often applied to dryland areas 3, 4 . RUE facilitates cross-biome comparisons and establishes a hypothetical threshold beyond which ecological transitions or ecosystem collapse may occur. Seddon et al. have greatly extended such sensitivity assessments by including variability in several climate drivers -air temperature, water availability and cloud level -and relating these to vegetation productivity on monthly timescales.
The authors' vegetation sensitivity index (VSI) allows them to assess vegetationproductivity responses to climate variability across all terrestrial ecosystems, from tropical forests and temperate grasslands to the Arctic tundra and alpine areas. The VSI quantifies patterns and drivers of ecological sensitivity by identifying ecologically vulnerable areas, and includes a 'weighting' for the various climate factors that contribute to ecological change.
Like other global assessments of vegetation growth in response to climatic factors 5 , the researchers' index identified amplified vegetation responses to climate variability in areas that are experiencing rapid warming, such as the Arctic tundra and alpine regions (Fig. 1) . Tropical forests around the globe also showed amplified sensitivity, which was associated with cloud and light variations. However, in contrast to earlier work 5 , the authors found water availability to be an important driver of sensitivity in tropical forests in central Africa. This is in agreement with the results of a recent study 6 that also reported water to be a major driver of vegetation productivity in of the monomers used to make PET. Although the initial reaction yields reported by Banerjee and colleagues are low, the finding raises the possibility that PET, like PEF, could be made using CO 2 . If the yields can be improved, then this chemistry would be a marked improvement on the current multistep route used by industry to make terephthalic acid.
More than 45 million tonnes of PET are produced annually 9 , making it one of the largest potential synthetic 'sinks' for CO 2 . That said, no synthesis that uses CO 2 will lead to sizeable reductions in atmospheric concentrations of the gas. Nevertheless, finding sustainable uses for abundant resources such as CO 2 as alternatives to non-renewable resources remains a worthy goal. More broadly, Banerjee and co-workers' results suggest that the molecular machinery devised by chemists will follow the example of plants, by evolving to use CO 2 1 identify amplified vegetation responses to climate variability in areas that are experiencing rapid warming, such as the Tibetan plateau.
